ABSTRACT Short-lived intermittent phases of super-critical (super-Eddington) growth, coupled with star formation via feedback, may account for early growth of massive black holes (MBH) and coevolution with their host spheroids. We estimate the possible growth rates and duty cycles of these episodes, assuming slim disk solutions, where the emerging luminosity depends logarithmically on the accretion rate. As long as radiation is trapped in the disk, the effective radiative efficiency is low and several short episodes (∼ 10 4 years) are possible, especially if energy flows through collimated funnels and feedback is limited. When the host galaxy is able to sustain inflow rates at 1-100 M ⊙ /yr, replenishing and circulation lead to a sequence of short episodes that may increase the growth rates of MBHs, with respect to an Eddington-limited case, by several orders of magnitude in ∼ 10 7 years. Our model for e MBH growth predicts that the ratio of MBH accretion rate to star formation rate is 10 −2 or higher, naturally leading to a ratio of MBH to stellar mass higher than the "canonical" value of ∼ 10 −3 at early epochs, in agreement with current observations. Subject headings: accretion, accretion disks -galaxies: high-redshift -black hole physics Assuming Eddingtonlimited accretion, a black hole mass grows as
INTRODUCTION
The presence of even a few billion solar mass MBHs at high redshift (e.g., De Rosa et al. 2013 , and references therein) challenges conventional Eddington-limited growth models for MBHs.
Assuming Eddingtonlimited accretion, a black hole mass grows as M = M 0 exp [(1 − ǫ/ǫ)(t/t Edd )], where t Edd = σ T c/(4π G m p ) = 0.45 Gyr, and ǫ is the radiative efficiency, normally related to black hole spin in radiatively efficient accretion disks, ranging from ǫ = 0.057 to ǫ = 0.32 for spin parameters ranging from 0 to 0.998. Given the age of the Universe at z = 6 − 7 and the estimated MBH masses, > 10 9 M ⊙ , constant Eddingtonlimited accretion is implied if 10 3 < M 0 < 10 5 M ⊙ and a duty cycle ∼ 50% for M 0 > 10 6 M ⊙ (e.g., Johnson et al. 2012, and references therein) .
From a mathematical point of view, one could imagine resolving the problem by picking the lowest radiative efficiency, ǫ = 0.057. From the astrophysical point of view, however, the real issue consists in guaranteeing that the host galaxy can continuously provide gas at the exact Eddington rate for the MBH, despite feedback effects (Dubois et al. 2013) , and ensure that the MBH is always able to accept this gas.
We envisage that the inflow rate of gas may at times be much larger than the MBH Eddington rate, and explore the consequences for MBH growth (see also Begelman 2012b). We develop arguments in favor of short-lived intermittent phases of super-critical growth, coupled with star formation via feedback, in order to account for early growth of MBH and coevolution with their host spheroids.
and f Edd = ǫṁ. In our terminology, super-critical or super-Eddington accretion rates are defined in terms of the accretion rate,ṁ, rather than luminosity (in principle, given a sufficiently low efficiency a super-critical MBH may be emitting at sub-Eddington luminosity). Given an initial mass M 0 and a final mass, M , the average values of f Edd , ǫ are related as follows:
where δ ≡ ∆t tH and t H is the Hubble time. If we assume we estimate M from observations, there are four unknowns, M 0 ,ṁ, δ and ǫ (f andṁ are related through ǫ: f = ǫṁ), or:
Let us assume that a MBH accreting super-critically (ṁ > 1) develops a slim accretion disk (but see Coughlin & Begelman 2013) , where, for instance:
forṁ > 50, and L/L Edd =ṁ/25 otherwise. We adopted here the expression in Mineshige et al. (2000) , but the logarithmic dependence is a common feature in Figure 1 . Eddington ratio, radiative efficiency from Eq. 5, and MBH mass as a function of time assuming fixed inflow ratesṀ inflow of 1 M ⊙ /yr (dashed) or 100 M ⊙ /yr (solid) and an initial MBH mass of 10 5 M ⊙ . The dotted green curve marks Eddington-limited growth. Within 10 7 yr the MBH growth may be boosted by 2-4 orders of magnitude with respect to the Eddington-limited case.
super-critical disk models, e.g. Paczynski (1982) and Wang & Netzer (2003) , and the exact value does not have a strong influence on the arguments presented in this paper. From f Edd = ǫṁ it follows that the "effective" radiative efficiency is:
and ǫ = 1/25 forṁ < 50. Therefore, while the accretion rate can be highly super-Eddingon, the emergent luminosity is only mildly super-Eddingon, because of the logarithmic dependence and low radiative efficiency (see also McKinney et al. 2013 ). If we ignore feedback (see section 7), and assume that the accretion rate isṀ inflow ∼ 100 M ⊙ /yr, whileṀ Edd = 0.02M 7 M ⊙ /yr, normalizing the MBH mass to 10 7 M ⊙ , we can use Eq. 3 to estimate δ ∼ 10 −2 , and a growth time ∼ 10 7 yr. If we self-consistently evolveṁ, M and ǫ at fixedṀ inflow we find the results shown in Fig. 1 , compatible with the previous simple estimate.
3. RADIATION TRAPPING Trapping of radiation occurs when the photon diffusion time, i.e., the time for photons to escape the disk, exceeds the timescale for accretion. When photons are trapped, they end-up being advected inward with the gas, rather than diffuse out of the disk surface. Plausibly, as long as radiation is trapped in the disk, the emergent luminosity does not exceed much the Eddington limit. The radius at which radiation is trapped can be defined as the locus where the infall speed of the gas equals the diffusion speed of the radiation (Begelman 1978) . Foṙ m > 1: R tr =ṁR s = 2 × 10 −6ṁ M 7 pc, where R s is the Schwarzschild radius of the MBH (this expression may be corrected by a factor H/R, of order unity for discs puffed up by the trapped radiation, Ohsuga et al. 2002) . We can estimate a time-scale for a single accretion episode by requiring that the whole disk's radiation is trapped, i.e. the centrifugal barrier that defines where the accretion disk forms, R D , is inside the trapping radius: R D R tr (see Volonteri & Rees 2005) . Such condition is shown to produce stable radiation trapping in Ohsuga et al. (2005, their computational domain is smaller than the trapping radius characteristic of their accretion rates and disk geometries). By requiring that R tr R D we take a very conservative approach, and a likely lower limit to the duration of a super-critical episode, as for instance McKinney et al. (2013) find stable super-critical accretion in disks with R tr < R D .
Let us assume that material is captured near the sphere of influence of the MBH,
pc, where σ 100 ≡ σ/100 km s −1 . The material, having angular momentum, does not fall directly into the hole, and it forms an accretion disk. By conserving specific angular momentum one finds that the outer radius of the accretion disk scales with R g , R D = λ 2 R g , where λ 1 indicates the fraction of angular momentum that is retained (it can also signify that only material with angular momentum 1/λ times smaller than average is captured). For all radiation to be trapped, R D R tr . This condition translates into:
We can now simplify this expression by approximating M =Ṁ t acc . Rearranging the inequality:
For λ = 0.1 and σ = 100 km s −1 , t acc ∼ 9000 yr. Witḣ M inflow ∼ 100 M ⊙ /yr, at the end of the episode M BH ∼ 10 6 M ⊙ , and R D = R tr 0.01 pc, a value roughly compatible with the half-light radii of accretion disks obtained from microlensing, ∼ 10 16 cm (Blackburne et al. 2011) . With the conservative choice λ = 0.1 a MBH would grow > 10 6 M ⊙ in < 10 4 yr. A smaller λ would imply a more compact accretion disk, i.e., a smaller R D , and super-critical accretion would proceed for longer, growing the MBH to larger masses.
4. QUENCHING In section 3 we have assumed that σ and λ are constant for a given system. In general, the disk grows by accretion within an evolving galaxy, and the disk's growth will eventually quench when its radius exceeds the capture radius R g , where the gravitational potential is no longer dominated by the MBH. Low angular momentum gas may still be accreted from larger radii but we ignore this for the moment as it is likely to be inefficient for any plausible angular momentum distribution. Equating disk radius with photon trapping radius:
How inefficient is the radiative efficiency within the disk radius? We obtain an expression for the radiative efficiency,
For the Polish doughnut disk model L ∼ 5L Edd (Paczynski 1982) , and therefore ǫ = 5(σ/c) 2 ∼ 5 × 10 −5 . The disk size grows as mass is accreted, and the growing disk radius (which by definition coincides with the trapping radius) can be found by equating the mass accretion rate with the mass flux across the MBH capture radius: R D = t accṀ κ/τ , where κ is the opacity and τ ∼ c/v is the optical depth. Most of this material will not reach the MBH on a dynamical time-scale because of the gas angular momentum. However it plausibly provides the reservoir for MBH growth. We infer thaṫ M = c 2 t acc /κτ , whenceṁ = ct acc /R s τ . This translates into a radiative efficiency
The optically thick disk may become unstable on a dynamical time, v/R D due to various instabilities (convective, MRI, etc., e.g., Balbus & Hawley 1991; Stone & Norman 1994; Blandford & Begelman 2004) . We then obtain an estimate of how super-critical the accretion may be, namelẏ
at fixed optical depth, with v the keplerian velocity.
Since the disk dynamical time-scale varies as R 3/2 D M −1/2 , the growth boost per episode of transient accretion is of order that achievable at the Eddington rate for steady accretion and may be most important for seed MBH growth. One can have in principle many episodes of short-lived but highly super-critical accretion, up to ∼ 1000 times the Eddington rate.
From the definition of trapping radius, and τ ∼ c/v, we can calculate the length of the accretion episode, if once again we assume that v is the Keplerian velocity:
(11) From Eq. 4 and the quenching condition:
implying that
suggesting timescales of ∼ 10 2 − 10 4 yr. After quenching, there is a delay until the accretion flow re-establishes itself. In order for super-critical accretion to be relevant, a MBH mass should grow by ∼ 2 orders of magnitude. In any one episode, a MBH would grow by ∼ 10 4 − 10 6 M ⊙ (assuming the above time-scale and an accretion rate of 100 M ⊙ /yr). A relatively small number of accretion episodes is needed.
One relevant time-scale requires accumulation of enough mass in the nucleus to feed the MBH. or
at the very minimum (here the inflow rate is in units of 100 M ⊙ /yr). If only low angular momentum gas is able to form the accretion disk, then only a fraction of the infalling gas will be available, lengthening the replenishment time-scale.
5. CIRCULATION AND DUTY CYCLES Jet-driven feedback or more generally any ultrafast outflow from the Active Galactic Nucleus (AGN) drives a bow shock into the inhomogeneous multiphase accreting gas (Wagner et al. 2012 (Wagner et al. , 2013 . The resulting shocks generate entropy gradients which in turn generate vorticity. A simple derivation is due to application of Crocco's theorem (Antonuccio-Delogu & Silk 2010) and verified in 3-d numerical simulations (Cielo et al. 2013) . Suppose the typical scale, associated with density inhomogeneities in the flow is L ω ∼ 0.01L. Turbulent diffusion to larger scales results in circulation that feeds the MBH along the minor axis of the thick disk. The diffusion coefficient is ∼ L ω v/3. The time to regenerate the feeding of the
2 . Plausible numbers suggest a crossing time-scale ∼ L/v ∼ 10 2−3 yr, and a regeneration time ∼ 10 4−5 yr. We have argued that each accretion episode lasts ∼ 10 3−5 yr. Eq. 7 assumes that the disk is initially smaller than the trapping radius, and it grows until it becomes larger than r tr . Eq. 13 is derived assuming that the disk radius coincides with the trapping radius, and quenching occurs when the disk reaches the capture radius. Under both conditions the disk is expected to be stable, although the accretion rate onto the MBH may differ from the inflow rate, as mass is lost in outflows/winds or circulation in the disk (Blandford & Begelman 1999; Ohsuga et al. 2005; Begelman 2012a , note that classical slim disk models have spatially constantṁ). Both conditions, in any case, lead to similar behavior and timescales.
Per accretion episode, the MBH grows in mass by:
where the accretion rate is in units of 100 M ⊙ /yr and time in units of 10 3 yr. Each accretion episode is followed by a flow regeneration period of order t reg ∼ 10 4−5 yr based on circulation and replenishment arguments.
Since t reg > t acc , the maximum number of supercritical accretion episodes will be: N = t H /t reg ∼ 10 4 t reg,5 yr for t reg in units of 10 5 yr. If at each episode the MBH grows in mass by ∆M ∼ 10 5 M ⊙ , then the total growth is N × ∆M ∼ 10 9 M ⊙ , and the duty cycle is δ = N t acc /t H =∼ 0.01 t acc,3 /t reg,5 .
As the MBH grows in mass, the importance of super-critical accretion episodes, which bring in similar amounts of mass, decreases (see also sections 3 and 4 on how disk properties and growth may limit the importance of this growth channel to M BH < 10 7 M ⊙ ). While for low mass MBHs (∼ 10 2−4 M ⊙ ), the mass doubling time decreases from roughly a Salpeter time in the case of Eddington-limited accretion (∼ 10 7 yr) to t acc ∼ 10
Figure 2. MBH accretion rate vs galaxy star formation rate for heterogeneous samples. AGN and quasars are shown as triangles, galaxies as circles. Small triangles represent AGN in COSMOS (Bongiorno et al. 2012 ) and small circles are mid-infrared or submm selected galaxies (Rafferty et al. 2011; Symeonidis et al. 2011) . Large filled circles are results of X-ray stacking on main sequence galaxies (Mullaney et al. 2012) . Large empty triangles are z = 4.8 AGN , the largest triangle marks the stack of Herschel-undetected sources), and large filled triangles are z ∼ 6 AGN (Willott et al. 2013 , and references therein).
yr, for a large MBH (∼ 10 7−8 M ⊙ ), the mass doubling time is of order the Salpeter time.
6. MBH ACCRETION AND STAR FORMATION Our model involves intense but brief phases of supercritical gas accretion that feed the MBH but are also likely to feed intense bursts of star formation due to the high gas inflow rates. If Ly-alpha cooling dominates (Spaans & Silk 2006) , accretion onto the central MBH is likely to be dominant over fragmentation. Silk (2013) develop a simple feedback model that relates the star formation rate (SFR) to the MBH accretion rate. The model couples the two rates by incorporating outflows by jets or winds that induce pressure-enhanced star formation. We modify this model for the case of super-critical MBH accretion, and discuss the implications in the following. In the notation adopted in the present paper, the triggered star formation rate averaged over the disk half-light radius is estimated aṡ
where η is the radiative efficiency, ζ = m SN vc/2E SN is the SNe boost factor, f p is the mechanical advantage factor of the wind or jet-driven bow shock (Wagner et al. 2013) . We define the supernova energy E SN = 10 51 E 51 ergs, the mass in stars formed per type II supernova m SN = 150m 150 M ⊙ , and the velocity at which SN-driven blast waves enter the cooling phase v = 400v 400 km/s. Plausible estimates for the parameters are ǫ ∼ 0.2, ζ = 180m 150 v 400 /E 51 , f p ∼ 30.
For the radiatively-efficient Eddington-limited case, Silk (2013) infer thatṀ ∼ 10 −3Ṁ * , thereby maintaining the canonical ratio of MBH mass to stellar mass observed at low z. Studies of large AGN-selected samples show little or no correlation between star formation rate and AGN accretion rate. However plottingṀ versusṀ * for objects over a wide range of host galaxy or MBH mass, Eddington ratio and z is likely to hide any underlying correlation, as indeed seems to be the case (e.g., Rosario et al. 2012, 2013, and references therein) . That statistically the ratioṀ /Ṁ * may be approximately constant over a wide range in z was recognized in an early study (Silverman et al. 2008) , and in a recent analysis of SFR-selected and X-ray stacked galaxies at z ∼ 0.5 − −2 (Mullaney et al. 2012; Chen et al. 2013) . To illustrate this point, especially at high z where the samples are dominated (and biased) by high host galaxy mass and Eddington ratios, we show in Fig. 2 some data taken from the literature. This figure is meant only to illustrate the observational range that can now be covered (see the discussion in , for details and additional references). We note the following, however. If we disregard the large scatter in the unstacked low z data for the reasons cited above, the ratio ofṀ toṀ * at z ∼ 5 − 6 (the sources whose MBH growth we endeavour to describe with the present paper) may be an order of magnitude higher than at z ∼ 1 − 2. This is consistent with measurements of the trend in the ratio of MBH mass to stellar mass with z, suggested to increase by an order of magnitude by z > ∼ 4 (e.g., Wang et al. 2010; Targett et al. 2012) .
For super-critical growth that is extremely radiatively inefficient, we infer that ǫ ≪ 1, andṀ ≫ 10 −3Ṁ * . MBHs that grew at least in part through radiativelyinefficient super-critical accretion would therefore grow at a faster rate than the stellar mass of their host galaxies. Our model therefore naturally accommodates the suggestion that high redshift MBHs account for a higher fraction of the stellar mass of the host. Most of the z ∼ 6 AGN have f Edd > 0.3, the limit above which the thin-disk approximation breaks down (Laor & Netzer 1989) . Indeed, we note that by applying self-consistent accretion-disk models to a sample of Sloan Digital Sky Survey AGN, infer that many AGN may have slim disks, rather than thin disks.
7. CONCLUSIONS The possibility of widespread super-critical accretion has often been advocated to describe either local (e.g., Collin et al. 2002; Wang & Netzer 2003) or high-redshift sources (Volonteri & Rees 2005; Wyithe & Loeb 2012; Li 2012) , or through recent revisions of the Soltan argument (Novak 2013) .
Recent simulations (Ohsuga & Mineshige 2011; Sadowski et al. 2013; McKinney et al. 2013) suggest that MBHs accreting at super-critical rates are most likely to be characterized by strongly collimated outflows or jets. This has several consequences. Firstly, detection of sources accreting at highly super-critical rates would be suppressed by a factor corresponding to the square of the jet opening angle. For a funnel opening angle of ∼ 0.1 rad ) only one in 30 sources would be detected, and radio emission may be suppressed by interaction with the cosmic microwave background (Ghisellini et al. 2013) . Secondly, jetted sources likely cause limited feedback in the vicinity of the MBH (Wang et al. 2006) or in the host galaxy, thus allowing longer-lived super-critical accretion episodes.
For gas-rich hosts, relevant at early epochs, the AGN jet (or wind) driven by the MBH can be strongly coupled to the star formation rate, presumably because of bow shock pressure-enhanced star formation (Gaibler et al. 2012; Wagner et al. 2013 ). Moreover, recent data (Matsuoka et al. 2013) suggests that the most luminous phase of the AGN correlates with star formation and most likely precedes any phase of negative feedback.
Finally, we note that in the case of super-critical accretion, the radiative efficiency is not determined by MBH spin, thus the expected spin-up caused by prolonged accretion phases would not hinder MBH growth through a high radiative efficiency.
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